constant hole concentration and the sensitive nature of these transitions, we can study the fine-tuning effect of the hydrostatic pressure of the order of 10 eV, well beyond the meVlevel state-of-the-art resolution of other techniques.
In quantum physics, the conservation laws and energy degeneracies outcome from various symmetries of the system. For example, inversion and rotational symmetries protect the valley degeneracy; and states with opposite orbital angular momenta are degenerate when the time reversal symmetry exists. Energy subbands, especially their fine structures stemming from the pseudospin degree of freedom, can be adjusted by symmetry-breaking effects. In 2D systems, the in-plane magnetic field torques the spin orientation and tunes the Zeeman splitting [1] [2] [3] [4] [5] [6] ; uniaxial strain breaks the rotational symmetry and changes the valley polarization [7] [8] [9] [10] . On the other hand, a moderate hydrostatic pressure of a few kbars conserves the lattice symmetry and usually has negligible effect (eV-level) on the pseudospin degree of freedom 11, 12 .
Pseudospins can stabilize multi-component phases and are of great importance in the study of many-body systems. A strong perpendicular magnetic field B⊥ quantizes the 2D particles' kinetic energy into a set of discrete Landau levels, and gives rise to integer quantum Hall effect when the Landau level filling factor = ℎ/ is close to an integer 13 Here we report experimental discovery of unexpected pseudospin degeneracy in 2D hole systems (2DHSs) confined in symmetric quantum wells. For the first time, we achieve constant density, high quality 2D systems that exhibit pronounced fractional quantum Hall states at large hydrostatic pressure P up to about 13 kbar. The isotropic hydrostatic pressure, which only changes the lattice constant but does not vary its geometric symmetry, induces sharp phase transitions between states with digitized pseudospin polarizations. From these transitions, we resolve the pressure-induced 10-eV-level effect on the pseudospin splitting. These observations indicate that the two lowest Landau levels with opposite spins are nearly degenerate at large hydrostatic pressure P > 6 kbar and their energy separation is no larger than a few eV. This degeneracy suggests that the broken bulk inversion symmetry of the GaAs lattice may be restored by the hydrostatic pressure.
In Figure 2a and b, the magneto-resistances (Rxx and Rxy) and the  = 4/3 and 5/3 fractional quantum Hall states' excitation gaps ( 4/3  and 5/3 ) highlight our discovery. At small hydrostatic pressure P = 0.3 kbar, the fractional quantum Hall states at  = 4/3 and 5/3 are strong and the 7/5 and 8/5 states are weak, which is a signature of single-component fractional quantum Hall states 17 . When we increase P, the  = 4/3 state weakens at P = 2 kbar and restrengthens at larger P > 6 kbar. Meanwhile, the  = 5/3 state starts strong at P < 2 kbar. It weakens monotonically and saturates at P > 6 kbar when 5/3  is about 1/3 of its low-P value. All these transitions take place between 0 and 6 kbar, and we do not see convincing evidence for further evolution as we increase pressure up to about P = 12.6 kbar. It is worth mentioning that we do not see any signature of transitions at integer fillings  = 1 and 2 up to the high temperature limit of our system (about 1 K). A tentative explanation of the above transitions is that the hydrostatic pressure changes the energy separation E between the lowest two Landau levels. In periodic lattice without inversion center, e.g. the Zinc blend lattice, the particles' spin orientation relates to its momentum direction through the spin-orbit interaction (SOI), so that the spin degeneracy splits 26 . In bulk GaAs, the The degeneracy of pseudospins at large P is destroyed if we tilt the magnetic field away from the highly-symmetric (001) direction by an angle . In Fig. 3c , data taken at θ = 37 • and P = 9.9 kbar resemble the features in Fig. 3(a) at  = 0
• and P = 0 when the system is pseudospin fully-polarized: the Rxx minima are deep at  = 4/3 and 5/3 and shallow at  = 7/5 and 8/5. Note that the effective Lander g-factor is finite if the magnetic field is not along the (001) and (111) crystal direction. The fact that tilting magnetic field can split the pseudospin degeneracy indicates that the hydrostatic pressure induced degeneracy is rather fragile.
Our study is the first clear evidence that the hydrostatic pressure has a direct impact on the subband structure. The transitions seen in our study can provide a semi-quantitative estimation of its tuning effect. Firstly, Fig. 3c data indicate that  = 37
• can (over) compensate the effect of 9.9 kbar pressure. Although the accurate calculation is not available, one can estimate that the finite-P and - effects are in the same order of 100 eV. Secondly, the quantum Hall effect at ν = 4/3 experiences pseudospin polarization transition at P = 1.8 kbar when E is about 0.02
= 200 eV 9, 21 , is the magnetic length. Therefore, the hydrostatic pressure controllably tunes the pseudospin splitting at 10 eV-level. It is only through the sensitive many-body phase transitions that one can probe such fine tuning effect.
It is poorly understood how the hydrostatic pressure can restore the pseudospin degeneracy in 2DHSs. To the leading order, the g-factor remains untouched and the isotropic hydrostatic pressure does not vary the lattice geometric symmetries. Since the finite pseudospin splitting E is primarily caused by the SOI effect, it is likely that large hydrostatic pressure eliminates the SOI effect in 2DHSs and restores the degeneracy. This effect is extremely challenging to either explore or estimate with other approaches: The angle-resolved photoemission spectroscopy (ARPES) has a state-of-the-art resolution of sub-meV-level 28, 29 (28, 29) ; First principle theoretical calculations based on many-body perturbation theory, on the other hand, resolve band gaps of at most in-the-order-of 0.1 eV [30] [31] [32] . Recent studies in 2D electron systems have seen broken rotational symmetry at large hydrostatic pressure. Unfortunately, the pressure-effect is indecisive because of the significant carrier density reduction 11, 12, 33 . Secondly, although both samples show weakening of the quantum Hall effect at  = 5/3, there are differences between data from the two neighboring samples. While the Fig.3b data is perfectly consistent with collapsing E , the  = 7/5 fractional quantum Hall state which is expected to be weak appears strong at high pressure in Fig. 2a . It is possible that the residue structural asymmetry of the quantum well confinement along the z-direction strengthens this state.
Method
The two samples used in this report are made from the same GaAs wafer grown by molecular beam epitaxy along the (001) direction. The wafer consists of a 17.5-nm-wide GaAs quantum well bounded on either side symmetrically by undoped Al0.3Ga0.7As spacer layers and carbon δ-doped layers. The as-grown density of these samples is p = 1.6 × 10 11 cm −2 and the lowtemperature (T = 0.3 K) mobility is above 100 m 2 /Vs. Each sample has a van der Pauw geometry, with alloyed InZn contacts at the four corners of a 2 × 2 mm 2 piece cleaved from the wafer. We mount the sample on the epoxy sample stage and fill the pressure cell with oil. We press the piston at room temperature to apply the hydrostatic pressure, and then measure low-temperature P via the superconducting critical temperature (about 3 K) of the in-situ Tin manometer. The commercial high-pressure cell is installed in a sample probe of Leiden CF-CS81-600, and can be cooled downed to less than 40 mK. The base temperature of the dilution refrigerator is less than 8 mK and the base temperature of the sample probe is below 25 mK. We use low-frequency (< 50 Hz) lock-in technique to measure the transport coefficients.
